Within nonlocal elastic interaction between an adsorbed atom and matrix atoms and in consideration of the mirror image forces, a dispersion law of elastic surface acoustic waves is found to the long-wavelength approximation depending on the concentration of adsorbed atoms and the deformation potential of the adatom. The energy width of the surface acoustic mode is calculated depending on the concentration of adsorbed atoms.
Introduction
The research of electronic and phonon processes and their interaction on the defective semiconductor surface is indispensable for the development of state-of-the-art microelectronic and nanoelectronic technologies. In particular, the mechanisms of interaction between adsorbed atoms and the surface acoustic wave (SAW) caused by the deformation potential and its effect on the formation of surface electronic states, dispersion and the surface acoustic wave damping is an issue of great importance. As it was stated in [1] , surface acoustic waves can be a source of long-range effects that induce the formation of nanoclusters on a crystal surface beyond the laser irradiation area. Therefore, the research of the acoustic wave damping processes on the monocrystalline substrate defective surface is urgent for the development of optimal technological conditions of nanostructure formation at the nanosecond laser irradiation of the CdTe surface [1] as well as for the construction of nanoelectronic devices.
The theory of the initial stage of formation (nucleation) of periodic nanometer adatoms structure due to the instability caused by the interaction between the adatoms and the self-consistent static (ω = 0) acoustic quasi-Rayleigh SAW [2] with exponentially increasing amplitude was developed in [3] .
Moreover, the surface acoustic wave (SAW) method is widely used to diagnose the dynamic properties of two-dimensional electronic layers (e.g., the dynamic conductivity, the carrier mobility or carrier concentration) of GaAs/In 1−x Ga x As/GaAs, Al x Ga 1−x As/GaAs/Al x Ga 1−x As, Cd 1−x Zn x Te/CdTe/Cd 1−x Zn x Te nanoheterostructures [4, 5] due to their inhomogeneous strain and piezoelectric fields. The surface acoustic wave (SAW) generates a variable electric field that interacts with two-dimensional electrons. This leads to renormalization of both the velocity and the SAW damping coefficient.
The purpose of this paper is to study the effect of interaction between adatoms and the self-consistent acoustic quasi-Rayleigh wave on its dispersion and phonon mode width at different concentrations of adsorbed atoms. Figure 1 shows a structure consisting of the semiconductor substrate where a is the subsurface defective layer thickness. The atoms adsorbed during the molecular beam epitaxy or implantation could be considered as surface defects. The subsurface layer is non-uniformly deformed by adatoms due to the deformation potential and the local surface energy renormalization. This inhomogeneous self-consistent deformation, in its turn, redistributes the adsorbed atoms across the surface through the deformation potential. Therefore, the effect of the adsorbed atoms reduces to the change of boundary conditions for the stress tensor σ i j on the z = 0 surface.
The model of deformation interaction between adatoms and the surface acoustic wave (SAW)
The displacement vector u(r, t ) of the points of the medium satisfies the following equation [2] :
In the geometrical model (figure 1), the solution of equation (2.1) for the surface Rayleigh wave spreading along the x axis is:
where k
and A, B are the SAW amplitudes. The x direction on the crystal surface is determined due to the elastic anisotropy, while on the isotropic surface it could be determined due to an external effect, which induces the elastic anisotropy, or due to spontaneous symmetry breaking of the defect-deformation system, similarly to [6] .
The deformation ε on the surface of the semiconductor (z=0) is bound with the components of the displacement vector by the relation
(2.4) Figure 1 . Interaction of the SAW with the subsurface adatom layer.
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Spatially inhomogeneous surface deformation ε(x, t ) leads to the inhomogeneous adatom redistribution N d (x, t ).
iqx−iωt , (2.5) where N 0d is the spatially homogeneous component; N 1d (q) is the periodic disturbance amplitude [N 1d (x) ≪ N 0d ]. Now that we have the deformation parameter ε(x, t ), we can find the interaction energy between the adsorbed atom and the matrix atoms W da through the elastic field [7, 8] as an approximation of nonlocal Hooke law [9] :
where λ is the elastic moduli operator [9] ; ∆Ω d is the crystal volume change caused by a single adsorbed atom. Introducing the variable τ = x ′ − x and expanding into a Taylor series, we obtain:
where
is the average of the square of characteristic distance of interaction between the adatom and the matrix atoms. The elastic fields of adsorbed atoms shift the atoms into the neighborhood of other adatoms and create the forces affecting them. This is caused by the elastic interaction between them. The energy of this interaction decreases in accord with the power law and is rather significant when the crystal lattice is heavily deformed by the adatoms [9] . Within isotropic solids, the elastic defect interaction energy is equal to zero [10] .
The elastic interaction of the adsorbed atoms decreases according to the power law as the distance increases. Besides, there is another interaction that gradually changes at distances comparable to the crystal size and is connected with mirror image forces applied to the crystal surface [10] , which provide boundary conditions on the crystal surface (e.g., the condition with no stresses on the crystal surface). The field of such forces is called the image field or the imaginary sources field similarly to the electrostatic field of charge arising on the conductive surface and is equivalent to the mirror image charge field [11] .
The interaction energy W int da
between an adsorbed atom in the position r ′ and other adatoms having concentration N d (x) caused by these forces, is virtually independent of the adatom position r ′ and can be defined as in [10] :
where ν is the Poisson coefficient; θ s = K · ∆Ω d is the surface deformation potential.
The force F acting on the adatom due to the elastic field appearing in the implanted adatoms matrix is given by:
which induces the regular diffusion flow −D d
and the additional deformation flow of adatoms.
The latter is due to the deformation gradients
, the defect concentration
∂x , and the monocrystal subsurface layer volume ∆Ω d change caused by these adatoms.
The analysis of formula (2.9) shows that the concentration gradient creates a deformation flow component which is directed towards the side where the adatom concentration is greater (the first term), unlike a regular diffusion flow. Furthermore, the adatoms being the extension centers (∆Ω d > 0) will move to the area that experience a tensile strain, while the adatoms being the compression centers (∆Ω d < 0) will move to the area of a relative compression (the second term).
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Under this force (2.9), the adatoms in the elastic field get the velocity
where D d is the adatom diffusion coefficient; T is temperature; k B is the Boltzmann constant. Here, the Einstein relation is used to determine the mobility µ of adatoms. Taking into account (2.10) and the continuity equation divj = −
, the flow of the implanted adatoms and the equation for the concentration of adatoms can be written as follows:
(2.12)
The first term in (2.12) describes the regular gradient concentration diffusion, while the second one describes a qualitatively new diffusion effect of the "flow of deformation retraction" caused by mirror image forces and the deformation gradient [12] as well as the nonlocal interaction between the adatoms and the surface atoms [8] .
Considering the condition N d1 ≪ N d0 and (2.5), the equation (2.12) to the linear approximation will be:
(2.13)
From the equation (2.13) we obtain the expression for the amplitude of the surface adatom concentration N d1 (q).
Spatially inhomogeneous adatom distribution modulates the surface energy
which results in the lateral mechanical stress
that is compensated by the displacement stress within the medium [3] . The boundary condition expressing the balance of lateral stresses is as follows:
where µ is the displacement module of the medium.
Herein below we are considering the coefficient
as the predetermined phenomenological parameter.
In addition, the interaction between the adatoms and the semiconductor atoms results in a normal mechanical stress on the surface. The corresponding boundary condition is as follows:
where a is the crystal lattice parameter on the semiconductor surface; β = c ; ρ it is the crystal density.
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Dispersion equation of the surface acoustic wave interacting with adsorbed atoms
To obtain the dispersion equation, we substitute (2.13) into (2.14) and (2.15), taking into account (2.4) and (2.5) as well as (2.2) and (2.3). As a result, we obtain a system of two linear equations for the amplitudes A and B. Then, from the condition of nontrivial solutions, we obtain the dispersion equation for the surface acoustic wave that interacts with the adsorbed atoms:
The left-hand part of (3.1) matches the Rayleigh determinant; the latter, when set equal to zero, determines the dispersion law of the Rayleigh surface acoustic wave without adsorbed atoms [2] . The righthand part of (3.1) renormalizes the dispersion equation of the Rayleigh acoustic wave [2] due to the adsorbed atoms power action (∼ θ d ) causing the strain of the crystal lattice subsurface layer. Substituting ω = c t qξ into (3.1), we obtain:
Expression (3.2) has a real part and an imaginary part that finally determine a correction to the dispersion law of Rayleigh wave and its damping. The multiplier q in the numerator of (3.2) allows us to solve this equation using the iterative method in the long-wave region q a ≪ 1.
Let the left-hand part of (3.2) be denoted by the function f (ξ) and let us expand the latter into a Taylor series in the vicinity of the point ξ 0
where ξ 0 is the solution of the equation f (ξ 0 ) = 0. Then, the correction δξ is determined by the right-hand part of (3.2) with the substitution ξ → ξ 0 .
The numerical analysis shows that f ′ (ξ 0 ) > 0 in the whole region of change of ξ 0 .
Separating the real and imaginary parts in (3.4) and considering ω = c t qξ 0 + c t qδξ, we obtain the expressions for the dispersion law ω ′ (q) of the elastic surface acoustic wave and its width. The latter is caused by the interaction between the adsorbed atoms and the self-consistent quasi-Rayleigh wave in consideration of both the nonlocal elastic interaction of implanted impurity with the matrix atoms [8] ,
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and the mirror image forces [10] : 
. The characteristic length value l d of interaction between the adatom and the lattice atoms has been found from the condition of free energy minimum of the crystal with adsorbed atoms [9] . Figure 2 shows the results of calculation of the elastic surface acoustic mode frequency ω ′ (q) dependence (figure 2, curves 1, 2) on the module of wave vector q and its width ω ′′ (q) (figure 2, curves 1
caused by the interaction between the adsorbed atoms and the self-consistent acoustic quasi-Rayleigh 
43801-6
wave at two values of the adsorbed atoms concentration N d0 without considering the mirror image forces.
The dependence ω ′ (q) in the range of the wave vector module change 0 q < 1/l d is nonlinear, while the dependence ω ′′ (q) is nonmonotonous.
At q → 0, the surface acoustic mode width ω ′′ (q) tends to zero, while the dispersion curve ω ′ (q)
asymptotically approaches the surface Rayleigh wave dispersion curve according to the dispersion law ω(q) = c t ξ 0 q. It should be noted that at q = 1/l d , the surface acoustic wave-length is the same as the characteristic length of the adatom interaction with the lattice atoms. Figure 2 shows that the acoustic phonon mode width increases as the adsorbed atoms concentration increases. In particular, at q = 0.0014 nm at 0.0021 nm −1 , the reduction is by 104 µeV; thus, in the acoustic mode short-wave region, the effect of the mirror image forces on the change of the surface acoustic mode energy width is more important.
The character of dispersion law ω ′ (q), found in the long-wavelength limit (q a ≪ 1, i.e., a neighbourhood ofΓ of the surface BZ) and shown in figure 3 (curves 1, 2 ), qualitatively converges with the dispersion law of the surface phonons in theΓX ′ direction experimentally researched for the GaAs (110) surface without adsorbed atoms [13] . The difference of the character of the dispersion law ω ′ (q) (figure 3, curve 2) is observed at higher values of q in the long-wavelength approximation. Such difference can be explained by the fact that at a calculation of ω ′ (q) of curve 2 (figure 3), the mirror image forces
were not taken into account, while at a calculation of ω ′ (q) of curve 1 (figure 3), such forces were taken into account. The dispersion dependence ω ′ (q) (curves 1, 2) and the elastic surface phonon mode width ω ′′ (q) (curves 1 ′ 1 ′′ ; 2 ′ 2 ′′ ) interacting with adsorbed atoms with (curves 1, 1 ′ 1 ′′ ) and without (curves 2, 2 ′ 2 ′′ ) considering the mirror image forces at the value of adsorbed atoms concentration N d0 = 3 · 10 13 cm −2 .
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Practically, the surface acoustic waves (SAW) can be used as optical hologram reading transmitters in photorefractive crystals [14] . The experimental data obtained by measuring the Raman spectra energy position change due to the nonelastic light scattering (Mandelstam-Brillouin), depending on the adsorbed atoms concentration and the strain potential, and can be used in the construction of selective gas sensors on the elastic surface acoustic modes [15, 16] .
Conclusions
The elastic surface acoustic wave dispersion theory depending on the adsorbed atom concentration is developed within the nonlocal elastic interaction between adsorbed atoms and matrix atoms in consideration of the mirror image forces. We have established that:
(1) the surface acoustic mode energy width is proportional to the product of the concentration of adsorbed atoms and the adsorbed atom surface deformation potential;
(2) the mirror image forces reduce the elastic surface acoustic mode energy width, while in the shortwave region, the effect of the mirror image forces on the change of the surface acoustic mode energy width is more important;
(3) at concentrations of adsorbed atoms located in the subsurface crystal lattice being the same as the interstitial impurities, the surface acoustic mode width is greater than in the case of the adsorbed atoms being substitutional impurities. This is because the surface deformation potential of the adsorbed atoms of the interstitial impurity type is greater than the surface strain potential of the adsorbed atoms of substitutional impurity type.
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